Abstract Time-lapse resistivity measurements and groundwater geochemistry were used to study salinity effect on groundwater aquifer at the ex-promontory-land of Carey Island in Malaysia. Resistivity was measured by ABEM Terrameter SAS4000 and ES10-64 electrode selector. Relationship between earth resistivity and total dissolved solids (TDS) was derived, and with resistivity images, used to identify water types: fresh (ρ e > 6.5 m), brackish (3 m < ρ e < 6.5 m), or saline (ρ e < 3 m). Long-term monitoring of the studied area's groundwater quality via measurements of its time-lapse resistivity showed salinity changes in the island's groundwater aquifers not conforming to seawater-freshwater hydraulic gradient. In some aquifers far from the coast, saline water was dominant, while in some others, freshwater 30 m thick showed groundwater potential. Land transformation is believed to have changed the island's hydrogeology, which receives saltwater pressure all the time, limiting freshwater recharge to the groundwater system. The time-lapse resistivity measurements showed active salinity changes at resistivity-image bottom moving up the image for two seasons' (wet and dry) conditions. The salinity changes are believed to have been caused by incremental tide passing through highly porous material in the active-salinity-change area. The study's results were used to plan a strategy for sustainable groundwater exploration of the island.
Introduction
Salinity of groundwater aquifers, especially at coastal regions, changes naturally or through human activity. A major cause, sometimes affecting freshwater quality, is seawater intrusion. Excessive withdrawing of groundwater, and significant decrease in recharge, too, contribute (Pujari and Soni 2008) . Aquifer-salinity changes naturally when low-density fresh groundwater interacts with high-density saltwater. The best geophysical method, particularly in salinity mapping, is geo-electrical method (Loke 2010a) . Researchers demarcating coast hydrogeology have been using geo-electrical method to map salinity ever since development of the interpretation technique by Loke and Barker (1996) . Electrical resistivity method is unique as it detects increased aquifer conductivity via increased pore-water conductivity (Abdul Nassir et al. 2000) . Benkabbour et al. (2004) used geophysical method to characterize saltwater intrusion in the Plioquaternary consolidated coastal aquifer of the Mamora Plains, Morocco. Di Sipio et al. (2006) used geo-electrical method and geochemistry data to get better salinity profile of the groundwater system in Venice estuaries. Awni (2006) used 2-D geo-electrical method to detect subsurface freshwater and saline water at the alluvial shoreline of the Dead Sea, Jordan. Sherif et al. (2006) integrated geoelectrical method with hydro-geochemical method to delineate saltwater intrusion at Wadi Ham, UAE. In Lagos, Nigeria, Adepelumi et al. (2009) used vertical-electrical-sounding survey to delineate Lekki Peninsula freshwater-aquifer saltwater intrusion.
The studies detected and mapped salinity at regions of spatial variations. Salinity changes are dynamic, happening every day in groundwater systems, especially at open-sea coastal, and estuarine, regions. Major factors relating to time and space are tide, season, and seawater density. Geo-electric imaging surveys of space have been done, and can be done for time (Loke 2010a) . Image analysis, from spatially distributed resistances at specific time intervals, is through timelapse electrical-resistivity tomography (TLERT). TLERT's various applications have attracted many researchers: Barker and Moore (1998) for physical-model tests of groundwater flow and contamination; Kemna et al. (2002) , Cassiani et al. (2006) , and Oldenborger et al. (2007) for tracertest study of aquifers; Olofsson and Lundmark (2009) for impact monitoring of roadside-soil de-icing-salt in saltwater investigation; and Ogilvy et al. (2009) for study of near-coast saltwater intrusion; in each, TLERT images relate change in salinity to transport of solutes.
TLERT is capable of minimal-invasionmonitoring of hydraulic processes in porous media by capturing temporal conductivity variations (Ogilvy et al. 2009 ). TLERT measurements fill, less expensively, gaps in data on space between sets of boreholes (Maillet et al. 2005) . Acquisition of TLERT-image resistance data requires good electrical grounding during TLERT monitoring. Soil electrical conductivity is influenced by the complex interaction among soil's physical properties, water content, salinity, and ground temperature, all possibly influencing electrical grounding (Olofsson and Lundmark 2009) . Poor electrical grounding disables data acquisition, resulting in incomplete resistivity data. Good electrical grounding takes time to prepare, but without it, image quality is affected, and the rate of change that can be captured with TLERT monitoring becomes limited. Discussed here are resistivity-acquisition techniques where poor electrical grounding is improved. This work's concern is salinity changes to freshwater at Carey Island in the state of Selangor, Malaysia (Fig. 1) . Carey Island, near Indah Island, is Malaysia's biggest trading port. Not only is it located in Malaysia's most advanced industrial and trading state (Selangor), it is also near Malaysia's administration centers of Putrajaya and Kuala Lumpur (capital city of Malaysia). Its infrastructure has grown rapidly, with highways mobilizing trade between it and South Peninsular Malaysia. Its population is expected to increase significantly when its entire infrastructure had been completed.
Selangor was predicted to be 1 million m 3 of water short daily in 2007 (Tahir and Abdul Hamid 2003) . At Carey Island, the shortage was regular, so people harvested rain. Government agencies such as the Department of Mineral and Geo-
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Vertical scale not in the scale Na =280 mg/l Cl =141 mg/l Na =not measured Cl =11720 mg/l Fig. 2 Sg. Judah Village subsurface profile and geochemistry data at semi-confined aquifer (Ngah 1988) Science were asked to determine the island's water-supply potential. On the district council's request, Ngah (1988) investigated groundwater at five aboriginal villages to determine shallowaquifer potential (Fig. 1) . Sg. Judah study revealed freshwater in aquifers less than 25 m deep. Thicknesses of semi-confined aquifers ranged between 5 and 7 m (Fig. 2) . Some shallow semi-confined aquifers there especially at borehole SJ3 400 m south of borehole SJ2 was identified as having brackish water, chloride concentration 620 mg/l (Fig. 3) . Aquifers more than 35 m deep were identified as not having promising groundwater potential because saline and brackish waters were more dominant. Tahir and Abdul Hamid continued investigations in 2003, as requested by the Malaysian Government and provisioned in the Eighth Malaysia Plan (2000 Plan ( -2005 for northern region. They revealed brackish-water domination, chloride concentration >250 mg/l, still, in groundwater 95 m deep. In 2008, Ismail furthered the study, encountering screen level at depths between 175 and 180 m; no potential for groundwater extraction (the groundwater was dominated by brackish water, conductivity value >2,000 μS/cm). Preceding effort was to understand the area's hydrogeology so its groundwater-exploration could be strategized. Efforts by relevant government agencies to identify the best strategy have been unsuccessful. This study used TLERT at an ex-promontory land: Carey Island. It identified (via boreholedata, hydro-geochemistry analysis, and landtransformation history) changes in salinity of the tropical island's coastal aquifer system. Its results based a strategy for groundwater exploration of the island.
Straits of Malacca

Area studied
Carey Island, other than being on the west coast of the State of Selangor in Peninsular Malaysia, is separated from the Selangor coast by the Klang River on its north and the Langat River on its east. The study was done in the West Estate of a SimeDarby Estate Plantation, the exact location was the side that faced seawater ( Figs. 1 and 3 ). JICA and MDGM (2002) report the area's location in the Langat River Basin (Fig. 1) , which has two monsoons a year: the northeast, and the southwest. The northeast monsoon is from November to March, and the southwest monsoon is from May to September. Rainfall intensity varies, most of the rain falling in April and November, mean 280 mm. The least rain falls in June; mean 115 mm. Wet seasons are in the monsoons' transitional periods: March to April, and October to November. Monthly rainfall then averages 180 mm, annual precipitation about 2,400 mm (JICA and MDGM 2002) . From analysis of Carey Island's local precipitation events and monthly rainfall data from 2000 to 2010, two seasons can be deduced (Fig. 4 (Fig. 1) . Suntharalingam and Teoh (1985) report the area's underlying Holocene-age marine sediments existing over most of West Peninsular Malaysia's coast referred to as the Gula Formation. The sediments comprise gray clay and sand, minor gravel with traces of fragmented shells, and peaty materials. No indication of exposed outcrop on the island, except for a granitic rock outcrop at Jugra Hills by the Langat River. Studies by Baba (1997) , Tahir and Abdul Hamid (2003) , and Ismail (2008) , on wells 96 to 185 m deep, show its aquifers as being semi-confined.
Hydrogeology
Other studies have yet to explain the hydrogeology work done west of the area (Figs. 1 and 3 Malaysia, 2009 -2010 14 monitoring wells (Fig. 3 ) that were 40, 50, and 80 m, filling gaps left by preceding studies. The wells faced the Straits of Malacca where saltwater was assumed to hit. They were constructed, and then developed. Rotary-wash boring drilled the boreholes, and soil samples were collected for visual examination and laboratory test experiments (BS1377 1990) to determine physical properties. Bailer and suction pump removed trapped sediments, so good data for groundwater quality and quantity could be obtained (Figs. 2 and 3) .
Analysis of the monitoring wells' borelogs shows the area's lithology as being Quaternary alluvium sediments reaching beyond 80 m depth. Quaternary alluvium sediments comprise alternating layers of gravel, sand, silt, and clay. Figures 5, 6 , and 7 are cross-sections of the area's hydrogeology. Two aquifers were found 80 m down in the Quaternary sediments. At distances up to 1.5 km from shoreline, the first aquifer, 10 to 60 m deep, could be categorized as being unconfined. Beyond 1.5 km, the first aquifer showed semi-confined characteristics (Fig. 4) .
Borelog information for MW1, MW2, MW3, MW4, MW8, and MW9 ( Figs. 1 and 3) showed presence of semi-confined aquifers. In the first semi-confined aquifer, thickness of the uppermost semi-impermeable layer varied from 27.00 to 31.50 m below ground surface. The soil was light gray, marine, silty clay. The semi-impermeable layer overlying the first semi-confined aquifer comprised fine-to-coarse light-gray sand and gravel. Thicknesses of the semi-confined aquifers ranged approximately from 20 to 30 m (see Figs. 5 and 6) . Borelog information from MW1 and MW2 (Fig. 6) showed depth of the first semi-confined aquifer reaching between 60 and 66 m. The first semi-confined aquifer overlay a thin semiimpermeable layer 3 to 5 m thick, separating the first semi-confined aquifer from the second semiconfined aquifer (Figs. 5 and 6 ). Thickness of the second semi-confined aquifer was unknown, owing to borehole-depth limit.
Analysis of borelogs for MW5, MW6, MW7, MW10, MW11, MW12, MW13, and MW14 revealed the following information: that the first unconfined comprised fine-to-coarse light-gray sand and gravel, impermeable materials (silt and clay), and fragmented shells (which confirmed that the layers were deposited by a marine environment, i.e., the Gula Formation (Fig. 7) . Thicknesses of the first unconfined aquifers ranged from 10 m to The Quaternary alluvium sediment was underlain by granitic bedrock. Depth to bedrock from the drilled borehole (at Kg. Sg. Judah) 30 m away from MW8, was 185 m (Ismail 2008 ). There had not been groundwater extraction for domestic or economic uses that could have affected the area's rapid fluctuation of groundwater table. Figure 3 shows the boundary between the area's unconfined and semi-confined aquifers (Fig. 5) .
Formation of Carey Island
History of the island's formation is based on two theories. In the first, it had been part of a mainland that gradually was disconnected, owing to piracy in the nineteenth century. In the second, it had been promontory, and became an island when the Chinese broke through the little strip of land separating the river and the straits; the rest of the river came about through nature (Golden Hope Plantation Berhad 2006). In the twentieth century, E.V. Carey transformed the mangrove-preserved island into rubber-tree (which later turned into palm oil) plantation. To irrigate the area, dykes were excavated, and drainages, bunds, and tidal gates constructed to control saltwater intrusion. Its history gives some idea on the island's postland-transformation hydrology and hydrogeology.
A significant hydrological change is the cutoff of the surface runoff that had flowed to the area from the Hulu Langat upper catchment. The island is almost flat and there are no catchments to store precipitation freshwater. The nearest catchment is Jugra Hill, outside the area studied. Drainage for its agricultural activities has always been saline or brackish because freshwater can not infiltrate through the surface runoff or from the drainage of the upper stream. Some locations north of Carey Island show distinct topography, owing to its two-meters-below-sea-level location (Golden Hope Plantation Berhad 2006), a factor contributing to the area's drainage-system salinity or brackishness. Freshwater is believed to come from the mainland's base flow or through direct infiltration at an unconfined aquifer on the island. Shortage of freshwater entering the island through surface hydrology affected its hydrogeology. Carey Island, on the edge of Langat Basin ( Fig. 1) , furthermore does not receive upper-catchment surface water freshwater (Figs. 6 and 7).
Methodology
Groundwater monitoring was done once or twice a week, starting August 2009 until June 2010. After 2 h (maximum) of daily high tide and low tide, groundwater samples were collected from the monitoring wells by using a bailer. Physical parameters such as conductivity, salinity, total dissolved solids (TDS), and temperature were measured by using precision equipment EC300 YSI immediately after sampling. The equipment was calibrated against a standard potassium chloride (KCl) solution of 1.411 mS/cm conductivity. Groundwater samples were on 30 May 2010 collected for hydro-geochemical analysis. Besides groundwater hydro-geochemistry analysis, irrigation water especially near MW12 was analyzed. Physical parameters were monitored and analyzed from June 2010 to September 2010. Hydrogeochemical parameters measured were major cations and anions. Collected groundwater samples were divided, kept in two containers. For cation analysis, the groundwater samples were filtered by Whatman 42 filter paper and preserved with 2% nitric acid (HNO 3 ). For anion analysis, the groundwater samples were filtered and then preserved at a maintained 4
• C. The anion analysis was done within 48 h of collection time. Cations analyzed were sodium (Na), calcium (Ca), magnesium (Mg), potassium (K), and iron (Fe), on the Perkin Elmer Inductive Coupled Plasma Optical Emission Spectrometer (ICP-OES) model Optima 3300RL. Anions analyzed were chlo-
, and bromide (Br − ), on Dionex Ion Chromatography model ICS2000. The analyses were done to standard methods (APHA 2005), a five-point calibration quantifying the analyses with correlation co-efficient of the calibration curve between 0.995 and 0.999. Water classification was based on Fetter (2001) , and three types were identified: saline (TDS > 10,000 mg/l), brackish (1,000 < TDS < 10,000 mg/l), and fresh (TDS < 1,000 mg/l).
All the station's equipment was used to survey the heights of the 14 monitoring wells and the tide level, both benchmarked to TBM 3082, at 3.0458 m msl. Tide conditions (low-and hightide increments) were compared with standard national tides (Klang Station; Fig. 1 ; DSMM 2009 DSMM , 2010 . The Klang Station's datum-level observation for 22 years , was used as references when calculating tide patterns.
Electrical resistivity measurements were performed three times; in August 2009 , in November 2009 , and in February 2010 . Geo-electric survey was via ABEM Terrameter SAS4000 combined with ES10-64 electrode selector. Eight resistivityimage profiles (Fig. 2) were measured across site. For each profile, 61 electrodes were pegged 5 m apart and connected to the cable joined to the ES10-64 electrode selector along 400 m of ground surface. The survey line traverses were oriented N-S. Wenner array was chosen for the resistivity traverses because it gives a dense near-surfacecover of resistivity data. Also, it gives (as horizontal structures) good vertical resolution and clear images of groundwater, saltwater intrusion, and sand-clay boundaries (Hamzah et al. 2006) . Data gathered were interpreted by Res2Dinv software of Loke et al. (2003) which provided an inverse model that approximated actual subsurface resistivity distribution. The program divided into a number of rectangular blocks, the twodimensional model used in the subsurface (Loke and Barker 1996) . To minimize difference between measured, and calculated, apparent resistivity values, the blocks' resistivity values were adjusted iteratively. Calculation was by finitedifference method of Dey and Morrison (1979) . Resistivity field data collected through Wenner array from individual survey lines were inverted individually to generate a 2D Wenner resistivity model. The inversions were performed on an AMD Athlon(tm) 64 X2 Dual-Core Processor TK-57 1.90 GHz with 3.00 GB RAM. An initial model was produced, from which a response was calculated and compared with measured data. The model was then modified, to reduce differences between response and data. Differences were quantified as root-mean-squared (RMS) errors. The process continued iteratively until RMS error fell to within acceptable limits, usually below 5%, or until change between RMS values calculated for consecutive iterations became insignificant (Awni 2006) . The model with the lowest possible RMS error, however, is not always the most appropriate one as it can show unrealistic variations in the resistivity model (Loke 2010b ). Finite-difference method was used as the data did not include topography. Given the site's nearflatness, the topography was concluded as being not significantly affecting its resistivity models.
2D-inversion techniques are common and often acceptable in assessing resolution and in determining data-set limitations (Dahlin and Loke 1998) . Resistivity of fresh groundwater varies from 10 to 100 m depending on dissolvedsalt concentration. Seawater's low resistivity (<0.2 m) is due to its high salt-content (Loke 2010a), making resistivity method an ideal technique for mapping of saline-freshwater interface. Note that resistivity of alluvium ranges from 10 to 800 m depending on soil type.
As mentioned, geo-electric imaging surveys can be used for space and time. Loke (2010b) showed that accurate time-lapse resistivity measurements can be obtained if apparent resistivity values had been accurately obtained. From earlier attempts at measuring time-lapse resistivity, half the data obtained comprised negative readings, resulting in inaccurate apparent resistivity data. Negative readings were due to poor grounding of injected electrical current (ABEM 2009). Extreme tropical-rainforest climate exhibits high temperatures that can reach 36
• C in the afternoon, which also causes poor grounding especially to soil containing unsaturated sand material. For good apparent-resistivity data, a few steps were taken for good ground-contact and current injection, including hammering down the electrodes to deeper than 0.3 m, maintaining sufficient moisture for ground contact by using a formulated solution (bentonite polymer solution mixed with salt solution), and by using a more powerful battery (current injection > 60 Ah; ABEM 2009). More than 90% of apparent-resistivity data then obtained showed relative standard deviations of less than 1%, through two-stack measurement which indicate highly stable repeated measurements. In 1 day, five to eight readings were taken at hourly intervals to observe resistivity changes.
Groundwater samples were collected every hour to calibrate geo-electric images against geochemical data.
Data processing and interpretation
Electrical-resistivity data were processed and interpreted by commercial Res2Dinv software, which allowed, via use of the dongle, its full use in analyzing time-lapse resistivity. This study used a joint-inversion technique to minimize possible distortions of sections showing relative changes in subsurface resistivity (Loke 1999) . The technique used the inversion model from the initial data set to limit inversion of the later data sets. The time-lapse inversion constraint used was the least-square-smoothness type, which showed the images' smooth changes in domains of space and time. Sequential inversion was used because the section models showed very large resistivity contrasts; the lowest resistivity values ranged from 0.3 to 0.5 m, the highest ranged from 18.0 to 20.0 m (Figs . 22, 23, 24, 25, 26, 27, 28, and 29) . In sequential inversion, full inversion of the first data set was for between one and about five iterations. The model for the first data set's final iteration was then used as reference model for inversion of later data sets, which started only upon completion of inversion. The first inversion model data set remained a reference inversion model for the second data set and for subsequent other data sets. The time-constraint weight was 3.0. Output of each resistivity measurement series model is presented here as percent change of resistivity, obtained through Eq. 1:
where x i is the measurement series at time i and x 1 the initial series. The initial series, x 1 , presented as reference model from inversion results of the first data set, remained forever a reference model in this equation. Measurement series at time i represented other data-set inversion models at various times. If the output had a negative value, resistivity in the measurement series had more TDS than in the initial series. If the output value was positive, resistivity in the measurement series had less TDS than in the initial series. Salinity changes possibly affected TDS values.
Results
Hydro-geochemical parameters
The samples were analyzed for major cations and anions. Table 1 lists results, which show sodium (Na) and chloride (Cl) exceeding 70% of measured TDS. Dominant contents of sodium and chloride show seawater intrusion to be the source of salinity (Samsudin et al. 2008; Pujari and Soni 2008) . Seawater intrusion was thus confirmed as causing the site's salinity.
Findings of previous studies showed no possibility of groundwater existing in deep semiconfined aquifers, except where shallow aquifers form freshwater lens. This study's latest hydrogeology information creates focus on new potentials of unconfined aquifer. Season and tide effects on quantity and quality of groundwater in unconfined aquifer were studied (Figs. 8 and 9) . Each of the monitoring wells in the unconfined aquifer was equipped with a 2 m screen, 34 m high aboveground. As the site's topography was assumed flat, measurement of the physical parameters was assumed to be at the same datum. Figure 8 shows changes to the groundwater wells' water table, whose level increased in the wet season and decreased in the dry season. This shows that the unconfined aquifer responded more quickly to the local seasonal conditions than to Langat Basin seasonal conditions. The finding confirms that groundwater recharge at the site relies totally on local precipitation rather than on base flow from mainland. Overall, high tide did not affect monitoring-well water table much except in MW7 (which was very near the coast); at highest tide, water-table fluctuation was more significant in MW7 than in the other wells. The highest (depth 0.95 m msl) water table in the system was in MW12, and the lowest (depth 0.1 m msl) was in MW10. TDS measurements for both wells differed markedly; MW12 had the lowest TDS below saline level, MW10's reaching a maximum of 25,000 mg/l; Figs. 8 and 9. The huge difference was Figure 9 shows groundwater to be saline in MW6, MW7, MW10, and MW 11, but below saline in MW12 and MW13.
MW12's high water table and low TDS suggest its surrounding area to be ideal for fresh groundwater to occur. Long-term monitoring of tide-caused TDS shows that (especially at MW12) most TDS values are slightly higher at high tide (Fig. 10 ). This type of data, however, for 34-36 m water-sample depths, is spatially limited, so to define the phenomenon, TLERT and land transformation history was used along with conventional method (Fig. 8) .
Correlation between earth resistivity and groundwater quality
The correlation was found in geo-electrical study on seawater intrusion (Ebraheem et al. 1997; Wilson et al. 2006; Sherif et al. 2006; Pujari and Soni 2008) . Interpretation of resistivity data is difficult, however, for salinity changes that are due to interaction between seawater intrusion and fresh groundwater and to background resistivity; the most challenging is attempting to link earth resistivity to groundwater type (fresh, brackish, or saline). Pore fluid is a mixture of fresh water and saline water, with various proportions of salinity concentration. It is embedded in the pores of the host soil, whose various resistivity values correspond to its mineral composition. Attempting interpretation of groundwater type is thus almost impossible (Figs. 9 and 10) .
In this study, more than 80% of the resistivity images (Figs. 11, 14, 15, 16, 17, 18, 19, and 20) show low resistivity (<3 m). Exceptions are the ones for MW6 (Figs. 12 and 13) and for MW12 Preliminary assumptions were derived from this study. Very low-resistivity values (∼0-3.0 m) were interpreted as indicating salinewater zone. Low-resistivity values (3.0-11.0 m) indicate possible mix of fresh water and seawater in the pores. The alluvial Quaternary comprises homogenous water-bearing sands and the occasional gravel (both attributed to a large volume of pore fluids), contributing to volumes of groundwater flowing through the pores. This study's resistivity measurements thus were probably more influenced by pore-fluid than by mineral composition of soil, and so resistivity images of the water types were more apparent. Concentration of dissolved ions in pore fluids is important for control of groundwater's electricity-transmitting ability (Sherif et al. 2006) . Another factor contributing to low resistivity is hydraulic force, which is more dominant in seawater intrusion than in freshwater (whose limited recharge on Carey Island was caused by land-use transformation; Figs. 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21) . Ebraheem et al. (1997) and Sherif et al. (2006) stated that empirical relationship between geochemistry and geophysical methods could be derived when ions dissolved in pore fluid rather than in host soil were more apparent in the electrical images. Findings of early research on use of the empirical relationship as showed by resistivityimage data could be used in this study. For empirical relationship between geochemistry and geophysical information, geochemistry data from nine monitoring wells and resistivity measurements from nine transverse geo-electric data were used. Procedures for obtaining these relationships are described by Cartwright and McComas (1968), Ebraheem et al. (1990) , and Sherif et al. (2006) . Specific conductance of groundwater samples was converted into water resistivity (ρ w = 1/σ w ). Soil conductance was derived by inversing earth-resistivity data (σ s = 1/ρ e ). All the data (Table 2) were used to obtain empirical relationships; between earth resistivity and water resistivity, and between TDS and earth resistivity. Water resistivity was plotted as a function of earth resistivity (Fig. 22) . The best regression line between water resistivity and earth resistivity indicates the following empirical relationship:
where ρ e is earth resistivity, and ρ w is water resistivity in ohm-meters ( m). Both parameters show good correlation, with R 2 = 0.9899 revealing earth resistivity of Qua- Fig. 22 Earth resistivity versus water resistivity ternary alluvium aquifer (comprising dominantly coarse, medium, and fine, sand, and occasional gravel), and of saturated groundwater, both of which affect salinity. Both the observation and the analysis reaffirm the basis for applying geoelectric method in studying salinity distribution of Carey Island's groundwater system. Earth resistivity and TDS were also plotted (Fig. 23) . The plot's best regression line indicates the following empirical relationship:
The relationship derived from Eq. 3, reveals that three types of groundwater can be depicted in the resistivity images: fresh (ρ e > 6.5 m), brackish (3 m < ρ e < 6.5 m), and saline (ρ e < 3 m). 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, and 21 show the resistivity images of seven monitoring wells. Equation 3 and resistivity images obtained for MW3, MW7, and MW10 (Figs. 11, 14, 15, 17, 18) based the proposition that saline water dominates the existing aquifer system, at depths 10-60 m, with resistivity values 0.5-3.0 m. MW6, which was near an estuary, has its resistivity image (Figs. 12 and 13) showing brackish-water domination along 400 m of resistivity image profile, with resistivity 3.0-6.5 m. At shallow, 2.5-10.0-m depths, saline water dominates, with resistivity 0.5-2.0 m. At those depths, the canals and the estuary are the salinity sources. MW8 resistivity image shows presence of brackish and saline waters, resistivity 0.5-6.5 m.
Fig. 23 Empirical relationship between TDS and earth resistivity
Resistivity results
Figures
Resistivity images for MW11 and MW12 show resistivity exceeding 6.5 m, indicating presence of freshwater especially on top of subsurface (Figs. 19, 20, and 21) . The freshwater level in MW12 is deeper (30 m) compared with that in MW11 (quite shallow). The images show that distance from saline-water source such as seawater is not the main contributor to salinity pattern on a promontory island. MW3 and MW10, respectively 1.5 and 2.5 km from coast, still showed high salinity levels. Resistivity images show salinity mapping to be almost the same in August 2009 (Figs. 13, 15, 18, and 20) .
The area's hydrogeology shows that freshwater recharge from precipitation does not occur upstream or mid-island. Freshwater source is infiltration that happens only at unconfined aquifers; the salinity profile is unconventional, and on a promontory island, not uniform.
Locating freshwater source on a promontory island thus needs an unusual approach. From analyses of resistivity images, MW12's (showing presence of brackish and saline waters beyond 30 m depth), shows potential for freshwater. Investigation of time-lapse resistivity was thus extended, to monitor salinity changes to freshwater aquifer. Figure 24 shows percent change of MW12's resistivity image, obtained from Eq. 1 at the beginning of the investigation. The image was obtained from the inversion model's subsurface resistivity, which was pre-obtained from data series measured the second time (Fig. 25 ) and was compared with the initial-data-set reference model (Fig. 26) . The second-time data series was obtained after one hour of measuring the reference model's resistivity. Figure 25 shows, compared with the reference model and especially at subsurface, decreased resistivity after 1-h interval. Especially at the bottom of the image, percentage of resistivity change was in the −20% to 10% range. (Fig. 27 ) with values of the reference model. Percentages of resistivity change were in the −53.53% to 5% range. Minimal changes observed initially were caused by low tide that occurred 3 h after highest-tide time (Fig. 24) . The high percentage observed in the next 7 h was caused by high tide that occurred 2 h after lowest tide, which affected salinity. The widespread salinity was due to effects of tide; for the last measurement's image, 7 h of highest tide.
Time-lapse resistivity results
TLERT studies continued in February dry season, at the same line position in August wet season. Inversion-model data as reference model were obtained at 1 h intervals from beginning of high tide (Fig. 29) . Percentages of resistivity change (Fig. 30) were obtained by comparing second-series inversion data ( Fig. 31) with those of the reference model. Range of resistivity-change percentages at image bottom was 0-30% (Fig. 30) . Figure 32 shows percentages of resistivity image resulting from comparison of inversion model resistivity values after 7 h measurement ( Fig. 33) with values of reference model (Fig. 29) . Percentages of resistivity change were in the −55% to 0% range. Figure 32 is an image of salinity upward spread, which is bigger than that in Fig. 30 . The more-widespread salinity was due to effects of tide; for the last measurement's image, 7 h of highest tide.
Resistivity image (Table 1) . Sodium and chloride represent 60% of the TDS total. Though sampling was out-of-range of resistivitymeasurement days, the TDS data could be used as indicator that shallow subsurface was contaminated by infiltration-water drainage. Assumption was made that TDS values for shallow subsurface are slightly more, or slightly less, than TDS values for drainage. By the water-type classification of Fetter (2001) , TDS values for shallow subsurface are in brackish-water category. Presence of brackish water in shallow subsurface can also be seen from range of resistivity values, which should be between 3.0 and 6.5 m for brackish-water categorization (Figs. 25 and 31 ). Further study needs to be done to confirm water type and salinity changes to shallow subsurface. Among required studies are sampling and geochemistry analysis, at to-be-constructed shallow-subsurface monitoring wells.
Salinity-change trend at the bottom of the image for both conditions shows movement from right to left. The trend is believed to have been caused by incremental daily tide passing through the high hydraulic conductivity resulting from high porosity of the material in the studied area (Figs. 24, 25, 26, 27, 28, 29, 30, 31, 32, 33) .
Discussion and conclusions
The study shows that salinity changes at an expromontory land can be identified via a combination of hydro-geochemistry, electrical-resistivity imaging, and time-lapse resistivity measurement conducted daily and in various seasons, and the resulting information be used to determine a strategy and a policy for groundwater exploration.
Hydro-geochemistry analyses showed high contents of sodium and chloride in all the monitoring wells. The source of salinity in the groundwater system of an ex-promontory land is believed to be seawater. Water-table data and TDS values for the monitoring wells show MW12's potential for freshwater occurrence. Combination of hydro-geochemistry and electrical-resistivity imaging produced an equation for identifying the aquifer's types of water. Resistivity values below 6.5 m show brackish and saline waters. Results from the equation and resistivity image with values exceeding 6.5 m were used to identify freshwater-existence potential.
Resistivity image for MW12 shows it has greater potential for freshwater supply than do the other wells. Thickness of fresh groundwater, as showed by resistivity profile, varied from 20 to 30 m from ground level, overlying saline groundwater according to seasonal conditions. Fresh groundwater for this area came from precipitation and surface runoff and infiltration into soil strata. Density of saline groundwater was greater than density of fresh groundwater, causing saline water to exist beneath subsurface. TLERT studies showed resistivity changes to be wider at image bottom, especially during increased tides, in both season's conditions. Tide increments influenced salinity changes dominantly below freshwaterzone boundary. Incremental tide passing through highly porous materials is believed to have caused high hydraulic conductivity in the active-salinity-change area. Future work could be measuring of hydraulic conductivity to support the hypothesis.
The island's continuous saltwater pressure to subsurface and limited freshwater recharge indirectly affected its hydrogeology, which had been prone to pressure and limited recharge. Carey Island's transformation from promontory land to island (Golden Hope Plantation Berhad 2006) changed its hydrology and indirectly affected its hydrogeology. The island receives continuous saltwater pressure due to these changes, indirectly resulting in uneven salinity distribution (as showed by previous studies) and causing difficulty in planning a strategy for groundwater exploration. Sources of freshwater recharge of the groundwater system are limited, and exist at saline-water boundary. Time-lapse resistivity measurement can thus be used to identify saltwater-pressure effect, and freshwater-zone thickness. For MW12, located at an unconfined aquifer, active salinity changes were affected by season and tide. Ngah (1988) reports that freshwater lens at semi-confined aquifer can be deteriorated by saltwater intrusion, especially during dry season. Combination with other methods helps more than does one method in describing subsurface-salinity changes that are due to saltwater intrusion.
The results of this study base a strategy for extracting freshwater from unconfined aquifer: season. Level suitable to set well screen is 15 m down, considered a fair level for both seasons. (f) For more effective irrigation of brackishwater drainage, new tide-control gate should be built. Now, only one tide-gate located near MW6 is being used to irrigate out drainage water from a large portion of the plantation area (Fig. 3) . Upper-zone freshwater lens can be assured of less contamination by brackish-water drainage.
Malaysia's Department of Mineral and GeoScience had used a combination of horizontal and vertical wells for groundwater exploration especially at coastal regions, which are prone to saltwater intrusion (Suratman and Awang 1998) . Application of geochemistry data and geo-electricmethod borehole data has shown effectiveness of time-lapse electrical-resistivity imaging in defining a strategy for groundwater exploration of complex-hydrogeology ex-promontory land. Such a strategy, at such an area where fresh groundwater is limited, should be investigated further in terms of tide effects, season, and knowledge of the area's land transformation history. A combination of the techniques discussed and the area's environmental history enables drafting of a sustainable strategy for long-term groundwater exploration. Understanding of the study's preliminary results for salinity changes to the groundwater system at the ex-promontory land should help local authorities and villagers plan the area's socio-economics.
